Apart from the traditional development of surface-enhanced raman scattering (SERS) substrates for ultrasensitive spectroscopic analysis, an increasing interest is given nowadays to the design of the so-called SERS nanotags which integrate multiple SERS applications into single plasmonic nanoparticles. The fabrication of SERS tags is still a challenging task due to the complicated fabrication process. Typically, SERS tags are hybrid nanoconstructs consisting in a unique plasmonic nanoobject encoded with specific reporter molecules and enveloped in a protective shell that provides both biocompatibility and targeting function. Herein, we produce effective SERS tags consisting in small aggregates of gold nanoparticles (mainly dimers and trimers) which are captured from solution and then transferred into cells to perform as individual plasmonic nanostructures. Actually the small aggregates formed under controlled conditions are stabilized in solution by interlocking into a polymeric envelope made of thiol-modified poly(ethylene) glycol (PEG-SH). No further encoding operation is necessary in our case since part of ascorbic acid used as reducing agent remains attached in the interparticle junctions, providing persistent and strong SERS signal when the fabricated tags are internalized by human retinal cells. Our studies demonstrate a promising potential of new SERS-active nanoparticles to serve as effective reporters for biomedical tracing and imaging.
Introduction
The development of various strategies for the preparation of new optical labels as probes for detection and imaging has gained tremendous interest in the past years [1] [2] [3] [4] . Among the investigation techniques, Raman spectroscopy presents real advantages due to the unambiguous identity of the encoded probe and the availability of a large pallet of reporter molecules [5] . Although Raman spectroscopy is reliable, the poor efficiency of Raman scattering (the crosssection is equal to 10 −30 cm 2 molecule −1 ) has limited its use in biomedical applications. Therefore the enhancement of the vibrational signal of the encoded molecule is required to improve the detection speed and sensitivity. In this context, surface-enhanced Raman scattering (SERS) spectroscopy proved to be a unique solution for the amplification of the vibrational signal by factors of 10 6 and even as high as 10 14 -10 15 in some cases [6, 7] . With such a large enhancement of Raman scattering, the use of SERS for imaging applications is an attractive alternative to fluorescence. Unlike fluorescent labels as are organic fluorophores and quantum dots, SERS-encoded probes, composed of a layer of Raman reporter molecules bound onto a metal nanoparticle, have the advantage of being resistant to photobleaching. This is due to the quenching of fluorescence excited states by the metal surface and to the short lifetime of Raman virtual energy states [8] . Furthermore, using SERS technique, different Raman reporters can be simultaneously excited with a single light source of choice (such as near-infrared light for human tissue) to achieve quantitative multiplexed detection [9] . These advantages confer to such SERS labels wide applicability in biomedical systems.
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As stated above, the general strategy for designing SERSencoded nanoparticles or SERS nanotags involves the attachment of one or multiple organic dyes as signature reporters onto a metal enhancer most usefully supplied in the form of a gold or silver nanoparticle, which is further encapsulated by a polymeric, biomolecular, or a glass shell for protection against aggregation and biocompatibilization. The literature is recently abundant with such encoded probes as for example the polymer-stabilized gold nanoparticles reported by Merican et al. [10] , protein-capped composite organicinorganic nanoparticles described by Su et al. [11] , silica embedded core-shell nanoparticles reported by Mulvaney et al. [12] , or silica-encapsulated Au/Ag nanoshells described by Küstner et al. [13] . More recently an increased attention was given to the implementation of improved substrates for SERS nanoprobes such as anisotropic or multibranched nanoparticles, which exhibit strong plasmon resonances close to the NIR window of biological transparency and, particularly, high electromagnetic field localized at their protrusions [14] [15] [16] . Our group succeeded to demonstrate the efficiency of such dye-encoded multi-branched flowershaped nanoparticles as SERS tags inside living cells [17] . The SERS nano-tags were designed using malachite green oxalate and basic fuchsin as Raman-active molecules and protected against aggregation with thiol-modified poly(ethylene) glycol polymer. As-prepared nanotags were found to be highly stable, to be SERS detectable inside living cells under 633 nm laser excitation, and to present low in vitro toxicity when tested inside the cytosol of a line of epithelial cells from human retina.
In this paper, we extend our research and present a new class of nano-tags consisting of gold nanoparticle ensembles (i.e., dimers, trimers, and small aggregates of spherical particles) with real potential to act as SERS-active tags inside living cells. The particles were fabricated by an alternative method of the commonly Turkevich-Frens synthesis, by the use of ascorbic acid as reducer of the gold salt [18] . Notably, this class of nanoparticles does not require any supplementary operation of encoding since ascorbic acid remains attached in between nanoparticles and give a persistent and strong SERS signal when nano-tags are internalized by cells. Therefore we expect that our tags present higher biocompatibility than SERS tags marked with potentially toxic, Raman-active organic dyes. Moreover, our fabrication strategy for the assembly of AuNPs differs from most of the reported techniques which involve crosslinking molecules, like alkanethiols [19, 20] , surfactants [21] , specific proteins [22] , and oligonucleotides [23] and most often destabilizing species like salt or ethanol [24] , which might further interfere with the intrinsic particles signal. Herein thiol-modified PEG, a nontoxic, hydrophilic polymer, commonly used to improve particles stability, biocompatibility, and their systemic retention [25] , is used for multiple purposes: to link the particles between them and stabilize the formed nanoensembles. To the best of our knowledge, no other reports demonstrate SERS-active tags with high and reproducible intrinsic signal coming from the reducing agent used in particle synthesis. The signal reproducibility in simulated body fluid salted solution, and in vitro measurements on human retinal cells highlight the potential of such SERSactive nanoparticles to serve as biomedical imaging tools. 
Experimental Section

Preparation of PEG-Protected
Gold Nanoparticle Ensembles. All glassware used in the synthesis was cleaned in a bath of freshly prepared aqua regia solution (3 : 1 (v/v) HNO 3 : HCl) and rinsed thoroughly prior to use. The colloidal gold nanoparticles were synthesized based on a method described elsewhere in detail [18] . Briefly, individual nanoparticles were produced by stirring 10 mL of a solution of 0.5·10 −3 M tetrachloroauric acid (HAuCl 4 ) at room temperature for several minutes, followed by the addition of a proper volume of a freshly prepared ascorbic acid (7.5·10 −3 M) solution. Herein, tetrachloroauric acid trihydrated (HAuCl 4 ·3H 2 O) has a role of nanoparticle initiator while L-ascorbic acid is used as reducer of the gold salt. When the two reactive solutions were mixed, the yellow pale dispersion rapidly turned colorless, dark blue and finally pinkish red. This color transition indicated the reduction of the Au 3+ ions to gold atoms which undergo nucleation and form the colloidal nanoparticles by diffusional growth.
For designing gold nanoparticles aggregates, increasing volumes of 10 −6 M mPEG-SH solution (20 μL, 50 μL, and 100 μL) were added to the colloidal solution by dripping and let to sit for several minutes. The ratio between the colloid and polymer solution and the incubation time were carefully chosen so that small aggregates (two to several nanoparticles) would be first formed. Excess polymer stabilized the formed ensembles of nanoparticles. Before being incubated in living cells, the as-prepared probes were purified by centrifugation at low speed.
Equipments Used for Samples Characterization.
Optical extinction spectra were measured with a Jasco V-670 spectrophotometer over a spectral range between 400 and 1000 nm and a spectral resolution of 2 nm. The mean diameter of gold nanoparticles was determined by transmission electron microscopy (TEM) imaging using a JEOL model JEM1010 microscope. SERS spectra of gold nanoparticles and PEG-capped nanoensembles in aqueous solution were recorded using for excitation NIR (785 nm) laser line from a diode laser using a portable Raman spectrophotometer (R-3000CN from Raman Systems) with 1 cm −1 spectral resolution and an integration time of 10 sec. SERS spectra of nanoparticle ensembles inside living cells were recorded using the 633 nm laser line of a He-Ne laser. The 633 nm HeNe laser delivered a power of 3 mW through a 100x objective (NA = 0.9) of a confocal Raman microscope alpha 300R from WITEC.
Cell Culture and MTT Viability Assay.
Human adult retinal pigment epithelial cells D407 were maintained in Dulbecco's modified eagle medium supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2.5 μg/mL amphotericin B, at 37
• C, 5% CO 2 , and 95% relative humidity. The cells were seeded in 96 well-plates at a concentration of 1 × 10 4 . After reaching 90% confluence, growth medium was removed and the cells were incubated for 24 h with uncoated nanoparticles (GNPs) and PEGylated gold ensembles (PEG-GENs) by varying the colloidal concentration between 0.3 × 10 −11 M and 6 × 10 −11 M. The tetrazolium salt was used to quantify living metabolically active cells, based upon the principle that MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is metabolized by mitochondrial dehydrogenase to form a formazan dye. Thereby the end product was measured at a wavelength of 550 nm with background wavelength at 690 nm, with a microplate plate reader HT BioTek Synergy (BioTek Instruments, USA). Briefly, the cells were washed with PBS, and 200 μL MTT solutions in HBSS buffer were added to each well. After 2 h of incubation the MTT reagent was removed and the formazan particles were solubilized with 200 μL DMSO. Viability was expressed as the percentage of actively proliferative cells, and subsequently a relationship between viability and treatment concentrations was plotted as shown in Figure 6 . Statistical analysis was conducted using the Tukey multiple comparison test of Graph Pad Prism version 5.00. Data are presented as means and standard errors of the mean (SEM). ( * Significant P < 0.05, * * very significant P < 0.01.)
Results and Discussion
Characterization of Gold Nanoparticle Ensembles and
Probing Their SERS Activity. The normalized extinction spectrum of as-prepared gold nanoparticles, the building blocks of gold nanoparticle ensembles, is illustrated in Figure 1 (spectrum a) and presents a plasmon resonance band at 540 nm. When few μL of mPEG-SH polymer were added to the colloidal solution, the plasmon peak red-shifted by 3 nm, which is consistent with an increase of the refractive index surrounding the nanoparticles, due to the polymeric capping (magnified image, Figure 1 ). Together with the observed shift, a slight broadening of the plasmon band occurred and a secondary, smaller-intensity band appeared, situated at about 800 nm which indicates the formation of few nanoparticle aggregates in the colloidal solution.
Further increasing the ratio between the polymer and the colloidal solution determined the broadening of both main (543 nm) and secondary (800 nm) plasmonic band (spectra c and d in Figure 1 ). Afterward, no more red shift of the main plasmonic band was observed, demonstrating that individual PEGylated nanoparticles were completely capped by the polymer. When the maximum concentration of the polymer was added to the colloidal nanoparticles, the band corresponding to ensembles of nanoparticles featured only negligible red shift, indicating that further aggregation was inhibited and the formed PEG-GENs remained in that aggregation state thereafter. The small intensity drop of the plasmon band observed for this later sample is only caused by the dilution and not by the sedimentation of the aggregates. The particles morphology and the formation of particleensembles were subsequently confirmed by TEM measurements. According to Figure 2 (a), as-prepared colloids contain mainly individual, spherical nanoparticles, having a mean diameter of 50 nm. Colloids with added PEGs presented also dimers, trimers, and small clusters (Figures 2(b) , 2(c), and 2(d)) which are surrounded by a faint uniform layer of approximately 3 nm of PEG polymeric chains. The clusters of up to five nanoparticles (less than 300 nm) are suitable for intracellular detection due to their small sizes, capable to penetrate through the membrane of a living cell. Moreover, such nanoparticle arrangements in small aggregates are responsible for the strong electromagnetic fields (hot spots) in which trapped Raman-active molecules have scattering signals increased up to 10 14 .
The general strategy to fabricate SERS-active nano-tags consists in selecting a molecule with a strong Raman signal and binding the selected molecule to a noble metal nanoparticle of suitable optical response [26] . Usually polymers are further involved in that design, in order to increase both nanoparticle stability and biocompatibility. For isolated solid spherical Au or Ag nanoparticles with smooth surfaces, the SERS enhancements are reported to be pretty low, with the enhancement factors on the order of 10 3 [27] . Therefore, nanoparticles with bumps and cavities like stars, meatballlike or flower-shaped, were preferred because the localized near-field enhancements on the tip of nanoscale bumps or inside tiny cavities provide SERS enhancements that are significantly larger than those achievable on a solid spherical particle with a smooth surface. Nearly adjacent nanoparticles with nanoscale gaps have been shown to serve as efficient and extremely sensitive SERS substrates [28, 29] . One of the main attributes of such nanoprobes lies in the electronic coupling between the particles which leads to many new properties [30] . For example, this coupling effect has been widely accepted as the cause of the so-called "hot spots" or areas of highly intense electromagnetic fields upon plasmonic excitation in which the efficiency of surface-enhanced Raman scattering (SERS) is dramatically increased [31] .
To probe the SERS activity of PEG-GENs, we excited the nano-ensembles in aqueous solution with 785 nm NIR laser line. This excitation wavelength superposes the characteristic plasmon band of the PEG-GENs and also provides maximum light penetrability for further application in biological media such are cells and tissues [32] . We also investigated on which extent the concentration of PEG polymer affects the SERS fingerprint of such nano-ensembles, and we correlated the obtained spectra with the PEG-GENs size and morphology.
SERS spectra of the formed nano-ensembles obtained with increasing concentrations of PEG-SH are illustrated in Figure 3 , and the band assignments can be found in Table 1 . SERS spectrum of nanospheres (spectrum b) in aqueous solution and Raman spectrum of pure L-ascorbic acid (spectrum a) were also recorded to serve for comparison. The SERS spectra of PEG-GENs (spectra c, d, e) present characteristic vibrational bands of the ascorbic acid molecules. No signal from the PEG polymeric layer is observed which is in agreement with other reports from the literature [33] . Meaningful variations of bands intensities are observed between the three probes, which we correlate with the aggregation degree of individual gold nanoparticles, hence the size and morphology of the nanoaggregates. PEGGENs prepared with the highest concentration of PEG present the highest SERS signal. We speculate that part of the thiolated polymeric chains links the particles between them when added to the colloidal solution, contributing to the formation of the nano-aggregates, while the polymer in excess stabilizes the formed nano-ensembles, and therefore the SERS signal is conserved.
Few band positions differences from one sample to another are also detected, mostly at higher wave numbers (1200-1800 cm −1 ), which arise from different ascorbic acid molecular orientations on the particles surface. A variation of cluster geometry is also responsible for different arrangements of the adsorbed molecules in the formed gaps between particles. The ratios between the intensities of specific vibrational bands such as 1030 cm appears instead of the intense doublet at 1656 cm −1 (C=C str in ring) in the Raman spectrum of pure ascorbic acid. An early study regarding the Raman spectra of ascorbic acid and its related compounds reported by Edsall and Sagall assigns this band to the ascorbate anions of the dissociated ascorbic acid [34] . Herein, this extra band at 1584 cm −1 , together with the disappearance of the vibrational bands characteristic to the C=C str in the lactone ring after 1650 cm −1 lead us to infer that the SERS spectra of PEGGENs are assigned in fact to the doubly oxidized, more stable form of the ascorbic acid, dehydroascorbic acid. This stable form arises as a consequence of the ascorbic acid degradation by oxidization in the presence of metal ions, during the nanoparticles synthesis. These molecules are further adsorbed onto nanoparticles surface and then captured in the gaps between nanoparticles through the influence of the polymer, giving rise to strong SERS signal when excited by NIR laser light. Therefore, we demonstrated that we can design PEG-nano-ensembles that are capable to give intrinsic SERS signal in solution without necessitating the addition of supplementary Raman active molecules, potentially toxic to bioenvironments. We mention that the SERS signal is conserved after sample purification while no signal was obtained from individual, as prepared, uncoated nanoparticles in the colloidal suspension (spectrum b in Figure 3 ). 
Chemical Stability of PEG-GENs in Simulated Biological
Fluid. One important requirement for any probe to be used inside living organisms is that it has to retain its properties in salted media as is the cellular medium. Moreover, the investigated probe must provide efficient and distinctive readout (e.g., SERS signal) in these specific conditions. To test the chemical stability of the prepared ensembles and evaluate the protection degree of the PEG shell, we first measured optical extinction spectra of PEG-GENs after the addition of a high molarity solution of sodium chloride, known to induce particle aggregation in the case of unprotected gold colloids [37] . The obtained results were compared with that of uncoated nanoparticles. Figure 4 illustrates the extinction spectra of uncoated, as-prepared nanoparticles (black curves) and of PEG-GENs obtained with various amounts of PEGs (colored curves) in the absence (full lines) and in the presence (dashed lines) of chloride ions. The appearance of the plasmon resonance band in the case of uncoated nanoparticles was visibly altered after the addition of salt. The peak position shifted to longer wavelengths by several nm, and a secondary band at about 900 nm rapidly developed, demonstrating that, in the absence of PEG protection, the gold nanoparticles rapidly aggregate. Monitored, these aggregated nanoparticles turned into irreversible sediments within hours.
PEG-GENs obtained with low concentration of PEG polymer showed similar behavior with that of unprotected particles. The ratio between the intensity of main plasmonic band at 543 nm and that of the band specific to nanoclusters rapidly decreased, due to the formation of more and larger aggregates in the colloidal solution. An increase of PEG polymer concentration contributed to a visible stabilization of the formed GENs, as can be observed from the presented spectra (blue and red curves in Figure 4 ), which maintained a constant position and band shape, even in the presence of the supplementary aggregation agent. The small drop observed in the extinction intensity is attributed to the sample dilution, caused by the addition of the salted solution.
Although slight precipitation might occur after the sample is being kept for a longer time, the sediment can be easily redispersed by sonication. We further tested the SERS signal stability in the presence of Cl − ions of the PEG-GENs (Figures 5(b) and 5(c)). Uncoated, individual GNPs ( Figure 5 (a)) were tested in similar conditions. We found that for both uncoated nanoparticles and for nanoensembles prepared with low concentration of PEG the SERS signal increased after the addition of salt. We corroborate this result with an overaggregation of the particles, which lack sufficient PEG protection. Although aggregation substantially enhances SERS [38] , from an imaging or sensing application standpoint uncontrolled aggregation is undesirable since the resultant SERS signal fluctuates. Moreover large aggregates hardly can penetrate cellular membrane, impeding any use of the particles for in vivo applications. In the case of PEG-GENs prepared with higher polymeric concentration, the SERS signal remains almost steady after the addition of sodium chloride ( Figure 5(d) ). The minor intensity changes might be caused by the modification of the reporter molecules orientation on the gold surface [39] . In our design, the thiol-PEG layer maintains the ascorbate molecules adsorbed onto nanoparticle surface, by steric stabilization. Moreover, the result demonstrates that PEG not only protects the formed ensembles from further aggregation but also controls their aggregation degree by inhibiting the cohesion between particles.
Viability of D407 Cells Incubated with Nanoparticle
Ensembles. The effect of nano-tags toward cell viability was tested using MTT assay. The obtained results were compared with that of uncoated nanoparticles and that of the supernatant solution. The cell survival in the presence of the selected probes is plotted in Figure 6 . For all the incubated samples, cells' viability and proliferation are highly dependent on particle concentration. Cells incubated with PEG-GEN have a high (80%) survival rate for nanoparticles concentration maintained up to 2.4 × 10 −11 M, after which a steady decrease of cell viability is observed. Significant toxicity for the cells (less than 40% from the total number of cells remain viable after 24 h) appears only for the highest nanoparticle concentration (6 × 10 −11 M). At this high concentration bare GNPs gave better survival rate while supernatant was proved to be more cytotoxic than the prepared PEG GENs nano-tags. From the class of hydrophilic polymers used as stabilizing agents for various types of nanoparticles, PEG polymer was generally proved to be biologically inert [40] . Moreover, PEG and PEG-derivatives were largely involved in detoxifying nanoparticles such are for example CTAB-toxic gold nanorods towards use in cellular environment [41, 42] . Bearing this in mind, the increased biocompatibility of naked nanoparticles compared to that of SERS nanotags might appear intriguing. To explain this, we infer a different mechanism of delivery through cells for the two types of nanoprobes. Naked nanoparticles lacking the protection of the PEG coating would aggregate in salted cellular medium forming big clusters, which are unable to penetrate the cellular membrane and therefore would not be delivered through cells. PEG-stabilized nanoensembles on the other hand would be delivered to the cellular compartments in greater amount causing slight toxicity but only at high nanoparticle concentration. The effect of supernatant solution containing only unbound polymer and unreduced gold ions also sustains the above hypothesis.
PEG-GENs as SERS Tags inside Living Cells.
Surfaceenhanced Raman scattering is a highly sensitive spectroscopic technique that has been imposed as a convenient and attractive alternative to fluorescence for detection and imaging applications inside living cells [43] . Despite the unique advantages offered by SERS, the huge amount of molecules found in cell cytoplasm is often an impediment towards the extraction of relevant biological information. Moreover, lack of signal reproducibility might occur due to a common tendency of nanoparticles to aggregate in buffer solutions or serum. Although substantial enhancement of SERS is obtained if nanoparticles aggregate, from an imaging and detection standpoint, such phenomenon is hardly desirable, since aggregation cannot be controlled and the resultant SERS signal fluctuates. Also big aggregates hardly can enter the cellular membrane. Recently, more sensitive nano-tags were developed by encapsulating organic dyes as signature reporter molecules between gold nanoparticles and a polymeric shell for biocompatibilization and stabilization. Such active tags are able to trigger specific phenomena inside cells or can be bound to desired cellular organelles [44, 45] .
To determine whether SERS spectra can be acquired from ascorbate-tagged, PEG-protected GENs buried inside cells, we incubated D407 cells with the particles for 24 hours and recorded SERS spectra of tagged nano-probes inside cells. The first optical evaluations of the cellular samples indicate an intracytoplasmic and endoplasmatic reticulum distribution of the probes (Figure 7(a) ). The predominant distribution pattern is nearby the nucleus, without triggering any particles in the nuclear region.
SERS detection of the nano-probes inside living cells followed the microscopic visualisation. SERS spectra which highly resemble the Raman-encoded particles signature in solution were obtained at positions in the cells where the particles were located as can be seen in Figure 7 (b) (spectrum c).
Apart from vibrational bands specific to ascorbic acid reporter molecules, intense SERS bands (the bands marked by asterisks in spectrum c) are also observed in the case of PEGylated GENs inside cells at 672 cm −1 , 848 cm −1 , and in the 1150-1250 cm −1 fingerprint region. These bands can be attributed to phospholipids and cellular proteins (C-C skeletal stretch in proteins and amide III/β-sheet resp.) which intercalate the polymeric chains and adsorb onto some of the nanoparticles surface [43, 46] 
Conclusions
This work presents a new class of SERS-active tags consisting of PEG-protected gold nanoparticles ensembles (PEGGENs) encoded with trace of ascorbic acid which was previously used as reducing agent in the nanoparticle synthesis.
We found that PEG-SH polymer does not only stabilize individual nanoparticles in solution but can also capture, interlock, and stabilize a few number of nanoparticles as dimers, trimers, and small aggregates. The fabrication of SERS tags presents the advantage of easy, single-step encoding procedure by exploiting the presence of ascorbic acid in solution during nanoparticle formation. The PEGGENs retain both the spectroscopic identity of ascorbic acid and optical activity of aggregates, both in saline solution and inside living cells, without interfering too much with cellular functions. Notably, the polymer coating provides not only good biocompatibility with biological media but exhibits chemical availability for implementing specific targeting functions.
